The targeted delivery of therapeutics to tumors remains an important challenge in cancer nanomedicine. Attaching nanoparticles to cells that have tumoritropic migratory properties is a promising modality to address this challenge. Here we describe a technique to create nanoparticulate cellular patches that remain attached to the membrane of cells for up to 2 days. Neutravidin-coated nanoparticles were anchored on cells by binding to biotinylated plasma membrane. Human bone marrow derived mesenchymal stem cells with nanoparticulate patches retained their inherent tumoritropic properties as shown using a tumor model in a 3D extracellular matrix (P-value < 0.001). Additionally, Human umbilical vein endothelial cells with nanoparticulate patches were able to retain their functional properties and form multicellular structures as rapidly as unmodified endothelial cells. These results provide a novel strategy to actively deliver nanostructures and therapeutics to tumors utilizing stem cells as carriers, and also suggest that nanoparticulate cellular patches may have applications in tissue regeneration.
shape, 8, 9 flexibility 8 and surface properties. 10, 11 Modifying the surface of nanostructures with ligands that bind specific cancer receptors has been reported to improve their targeting to cancer cells. [12] [13] [14] In some systems, stem cells have been demonstrated to possess tumoritropic properties, and this inherent migratory property has been utilized in the study for potential utility in cancer therapies. 15, 16 Although the role of stem cells in tumors remains debated, 17, 18 stem cells genetically engineered to produce anti-tumor proteins have been reported to have efficacy in a number of in vivo cancer models, including brain and disseminated tumors. 19, 20 We hypothesized that stem cells modified to carry nanoparticulate payloads could be developed to allow for stem cell-mediated delivery of synthetic, nanoparticulate cancer therapeutics. This strategy contrasts with current stem cell based tumoritropic therapies, which are based on the genetic modification of stem cells. 15 Active delivery of nanoparticles to the center of tumor spheroids by cells has previously been reported using macrophages 21 . In that system, macrophages delivered internalized Au nanoparticles to tumor spheroids, which were then destroyed by irradiation with near-infrared light. 21 Although delivery of particles that have been internalized by cells may prove useful for some applications, delivery of nanostructures external to the stem cell may allow for more effective delivery of drug payloads, and reduce the influence and toxicity of therapeutics on the carrier cells. Recently, Swiston and coworkers reported the attachment of micron-scale polymer layers to the cell membrane, creating cellular patches. 22 The migration of patch modified T cells on substrates coated with adhesion ligands suggested the potential biomedical applications of this technique. However the relatively large size of the reported patches (10 μm) may limit cellular function.
Nanoparticles attached on red blood cells (ghost cells) were demonstrated to have longer halflife during circulation. 23 However, nanoparticles have a tendency to be internalized when near cellular membranes of regular cells, and this is one of the obstacles to creating durable cell membrane anchors. 24 This may be particularly challenging with tumoritropic cells migrating in extracellular matrix (ECM) as migrating cells have been reported to have increased internalization activity. 25 Herein, we report a strategy to create nanoparticulate patches on the membrane of cells. These nanoparticulate patches remain on the membrane of cells for days and may provide a method to deliver nanotherapeutics using cells.
RESULTS AND DISCUSSION

Anchoring Nanoparticles on Cell Membranes
Nanoparticulate cellular patches were conjugated to the cellular membrane as follows. First, the cellular membrane was modified to include biotin. Since primary amines are common active moieties on cell membranes, we biotinylated cell membranes by reacting sulfosuccinimidyl-6-(biotinamido) hexanoate (Sulfo-NHS-LC-Biotin) with cell membrane amines. The conversion of membrane amine groups to biotins provided the binding sites to which neutravidin coated nanoparticles could anchor (Figure 1 ). To confirm that the cell membrane was modified with biotin, cells were probed with Alexa 488 Streptavidin, and imaged by fluorescent microscopy ( Figure 2 ). Hela cells were first treated with Sulfo-NHS-LC-Biotin at various concentrations (2 mM, 0.67 mM, 0.2 mM and 0.067 mM) and were then incubated with Alexa 488 Streptavidin. After fixation, cells were imaged with a laser scanning confocal microscope. Fluorescence intensity increased with Sulfo-NHS-LC-Biotin concentration, indicating the presence of membrane-bound biotin.
Next, neutravidin modified nanoparticles were allowed to react with biotinylated cells. We tested the conjugation of nanoparticles with both biotinylated human bone marrow derived mesenchymal stem cells (hMSCs) and Human Umbilical Vein Endothelial Cells (HUVECs). Cells were fluorescently labeled by incubating them with a fluorescent cell-tracker dye, 5-chloromethylfluorescein diacetate. A model nanoparticle was used-monodisperse neutravidin-coated 40 nm polystyrene nanoparticles that fluoresced at 605 nm. The size of the nanoparticles was confirmed using scanning electron microscopy (SEM) ( Figure S1 ). When incubated with cells, nanoparticles attached only on the portion of membrane exposed to reagents in the media, as Sulfo-NHS-LC-Biotin and nanoparticles are not cell membrane permeable. Initially, this created an asymmetric distribution of nanoparticulate cellular patches on the cells. Although loosely bound particles were rinsed away, some particles remained on cells through non-specific interactions rather than the specific biotin-NeutrAvidin binding in our experimental condition ( Figure S2 ). Bovine serum albumin (BSA) or other blocking solutions can be used in the step of nanoparticle attachment on cell membrane to block or reduce the non-specific binding of the nanoparticles. However these solutions were not used here so that the highest possible loading of particles onto the cells would be achieved.
Characterization of Nanoparticulate Cellular Patches
To confirm that nanoparticles were attached to biotin modified hMSCs, we used confocal microscopy. The results demonstrated that nanoparticulate patches formed on the surface of cells ( Figure 3 ). The asymmetric distribution of nanoparticles could be observed at early time points in 3D reconstructed confocal images (Figure 3a ). hMSCs were then seeded in 1 mg/ml collagen I gels, which mimics some aspects of the in vivo microenvironment. Cells were imaged after 2 days in 3D gels to determine whether nanoparticles were internalized. Although internalized nanoparticles were observed, there were also substantial amounts of nanoparticles localized on the membranes of cells as seen in 3D reconstructed images (Figure 3b) . Interestingly, most of the membrane associated nanoparticles localized on the main body of hMSC, and nanoparticles were rarely observed on the dendrite-like long protrusions of the cells (Figure 3c and d) . This phenomenon was always observed for hMSCs in a wide range of morphologies. These long protrusions are related to cell migration and undergo rapid membrane reorganization. 26, 27 It is possible that nanoparticles on the cell membrane may affect the membrane reorganization by interacting with receptors. It remains to be determined whether cells passively protrude areas of their membrane where fewer nanoparticles are anchored, or if cells can reorganize their membrane and shift nanoparticles to positions on the membrane that are less critical for cell mobility.
To further confirm that nanoparticles were anchored on the outer cell membrane and investigate the morphology of the cellular patches, we imaged the modified cells using SEM. hMSCs coated with anchored nanoparticles were cultured on top of collagen I gels (1 mg/ml) for two days, then fixed and dried for SEM analysis. These SEM images show that the nanoparticles normally exist as clusters on the cell membrane ( Figure 4 ). For example, in one portion of the cell in Figure 4 there are three nanoparticle clusters located on the cell membrane, with cluster sizes of 400×400 nm, 500×650 nm and 700×850 nm. The clustering of nanoparticles on the membrane may be due to membrane reorganization of the particles. The binding of small sized nanostructures on cells causes cell membrane curvature, which increases the elastic energy of the membrane. Small nanostructures on cell membranes are known to form clusters at a size sufficient to lower the elastic energy and to allow the membrane to wrap around the particles for endocytosis. 28, 29 Although the formation of large clusters of nanostructures may result from movement of nanoparticles at the surface of the membrane, an alternative explanation is that the nanoparticles aggregated in solution prior to binding to the cell membrane.
To test if the second explanation is occurring, phase analysis light scatteringwas used to determine the particle size distribution in solution. The concentration of particles in solution was the same as the concentration of particles used during attachment to cells. Particle volume counting was used to characterize the fraction of aggregated nanoparticles. The light scattering results showed that 86.5±2% of the nanoparticles were monodispersed, with a diameter of ~40 nm and 13.5±2% of the nanoparticles were aggregated in solution with the size of the aggregates ranging from 150 to 250 nm ( Figure S3 ). Although some aggregation of nanoparticles was seen in solution, these aggregates had a volume of several times smaller than the clusters of nanoparticles observed on the cell membrane, indicting that aggregation in solution alone can not explain the clusters seen on the cell membrane. Additionally, we observed some clustering of nanoparticles over time on the surface of cells using fluorescence microscopy ( Figure S4 ). It is possible that clusters of particles are internalized slower than individual particles. We hypothesize that the internalization and clustering may be kinetically competing processes-if internalization is slower than movement of particles on the surface and clustering, then large clusters will form eventually reducing the rate of internalization. The small portion of aggregated nanoparticles seen in solution may indicate some extent of hydrophobic interactions between nanoparticles and this may also have contributed to the clustering of nanoparticles seen on cell membranes.
Response of Tumoritropic Stem Cells with Nanoparticulate Patches to Tumor Spheroids
hMSCs are widely used tumoritropic stem cells in in vivo tumor models. 15, 30 To determine whether hMSCs maintain their intrinsic capacity to sense tumors after nanoparticles are anchored on the surface, we used an in vitro tumor model consisting of a tumor spheroid grown in an ECM. The precise mechanism of how hMSCs track tumors is not fully understood, but several mechanisms may be important. It has been suggested that cancer cells induce the surrounding vasculature to express adhesion molecules which tether circulating hMSCs and result in cell rolling, and it has also been suggested that hMSCs can sense the gradient of tumor relevant chemokines and growth factors, such as stromal-cell-derived factor 1 (SDF-1) and platelet-derived growth factor (PDGF). [31] [32] [33] We grew liver tumor spheroids composed of mouse embryonic fibroblasts (MEFs), HUVEC and human liver cancer cells (Hep G2). Each tumor spheroid was cocultured in collagen I gel with either hMSCs with nanoparticles anchored on them or hMSCs without nanoparticles. The substrates were pretreated with agarose gel to prevent the collapse of the tumor spheroid due to adhesion of cells to the substrate. Both groups of hMSCs, with and without nanoparticulate cellular patches, sensed and responded to tumor spheroids rapidly as indicated by the cells polarizing themselves in line with the spheroid within 12 hr (Figure 5a and b) . The degree of polarization of each cell was characterized by measuring the angle between the long axis of the cell and the vector connecting the center of the cell and the center of spheroid. Theoretically, a sample of cells that did not polarize toward the spheroid would have an average angle of 45 degrees, whereas a sample of cells that perfectly polarized would have an average angle of 0 degrees. In an experimental control sample without a spheroid, the average angle of hMSCs was 42 degree. In contrast, a sample containing a spheroid and hMSCs anchored with nanoparticles had a significantly lower average angle of 20 degrees (P-value < 0.001). There was no significant difference between hMSCs with or without nanoparticles (P-value > 0.1), where the hMSCs without particles had an average angle of 27 degrees. Therefore, we demonstrated that stem cells anchored with nanoparticulate patches retain their ability to sense tumors spheroid, which suggests that they may be used as a strategy to deliver nanostructures to tumors.
Formation of Tubular-like Structures by Endothelial Cells Modified with Nanoparticulate Cellular Patches
In addition to active delivery of nanoparticles to tumors, the technique of anchoring nanoparticles on cell membranes may have other biomedical applications. For example, we hypothesize that surface bound nanoparticles may be used in tissue regeneration to stimulate functions of the cells they are attached to or to regulate cell-cell communication through the controlled release of therapeutics. A prerequisite of these applications is that the cellular patch itself should not negatively affect the intrinsic function of the tissue regenerating cells, such as inhibiting their ability to form multicellular structures. To test if anchoring nanoparticles to cells would inhibit this ability, we attached nanoparticles on the membrane of HUVECs and monitored the formation of tubular like structures on Matrigel. HUVECs are well-known to rapidly form tubular-like structures on gels due to their intrinsic ability to construct vessels. Both untreated HUVECs and HUVECs with nanoparticulate patches initiated the formation of tubular like structures when grown on Matrigel for 4 hr ( Figure S5 ). The ability of cells associated with nanoparticles to rapidly spread and move on the ECM is likely due to the initial asymmetric coverage of particles on the membrane as a majority of cell membrane was not affected by nanoparticles. The tubular-like structure of HUVECs coated with nanoparticles was analyzed by confocal microscopy after 24 hr. All HUVECs participated in the formation of tubular like structures on the gel and no particles were observed to be shed by cells ( Figure  6a) . A high magnification confocal image (Figure 6b ) and a 3D reconstructed image ( Figure  6c) showed that most of the nanoparticles were localized on the cell membrane and had not been endocytosed by cells. These results demonstrate that when nanoparticles are anchored on the membrane of HUVECs they do not affect the formation and rate of formation of tubular like structures.
CONCLUSION
In conclusion, we have anchored nanoparticles on the membrane of cells and demonstrated that this process does not affect intrinsic cell functions evaluated here. hMSCs attached with nanoparticles do not lose their capacity to sense and respond to tumor spheroids grown in 3D collagen gels and HUVECs associated with nanoparticles can still form tubular-like structures on Matrigel. Previous reports indicate that nanostructures bound on cells are typically internalized easily on the timescale of minutes or hours, 24 whereas the accumulation of hMSCs in tumors occurs on the timescale of days. 16, 30, 34 The results here show that substantial amount of nanoparticles can be kept on the surface of cells for a longer period of up to two days. We hypothesize that the reduced rate of internalization of nanoparticles into cells may be a consequence of the nanoparticulate patches binding to a large number of transmembrane proteins simultaneously. The mechanism of cell endocytosis requires the cooperation among several proteins and involves protein conformation changes. 35 By binding to a large number of biotin-modified proteins, it may be that the nanoparticulate patches disrupt this cooperation and reduce endocytosis. The eventual formation of relative large sized patches (several hundred nanometers) may also be important for the slow endocytosis.
We believe that nanoparticulate cellular patches may prove to be useful tools for cell based therapies such as tissue regeneration and tumoritropic cell-mediated delivery of nanoparticles to tumors. Specifically, these techniques may provide methods to allow for stem cell-mediated delivery of therapeutic agents without the need for viral infection. We envision that fabricating nanostructures that bind directly to specific domains of cell surface proteins could further reduce the amount of internalization of nanoparticles. We also envision that the potential of this nanoparticle/cell system for cancer therapy may be improved by designing nanoparticles that assist the stem cells in homing to tumors. For example, particles that bind both stem cells and receptors on the vessel wall near tumors could facilitate targeting. We hypothesize that the transient, external modification of stem cells with ligands and drugs could prove useful in controlling stem cell behavior in in vivo.
MATERIALS AND METHODS
Materials
Sulfosuccinimidyl-6-(biotinamido) hexanoate (Sulfo-NHS-LC-Biotin) was purchased from Pierce Protein Research Products. NeutrAvidin labeled 40 nm fluoSphere, CellTracker ™ Green CMFDA (5-chloromethylfluorescein diacetate), UltraPure ™ Agarose, Fetal bovine serum (FBS), DMEM medium, Penicillin & Streptomycin, Trypsin EDTA and Alexa 488 Streptavidin were purchased from Invitrogen. Rat tail Collagen I and Matrigel were purchased from BD Biosciences. Endothelial Cell Growth Medium-2 and Mesenchymal Stem Cell Growth Medium were purchased from Lonza. Formaldehyde solution (36.5%) and Hexamethyldisilazane were purchased from Sigma-Aldrich. Glutaldehyde (10%) was purchased from Electron Microscopy Science.
Cell Culture
Human liver cancer cell line Hep G2 was obtained from ATCC. Mouse embryonic fibroblasts (MEFs) were purchased from Globalstem. Hep G2 and MEF cells were grown at 37 °C/5% CO 2 in DMEM high glucose media supplemented with 10% fetal bovine serum and 100 IU/ ml Penicilin-Streptomycin. Human Umbilical Vein Endothelial Cells (HUVECs) and Human Mesenchymal Stem Cells (hMSCs) were obtained from Lonza. HUVECs were cultured at 37°C /5% CO 2 in Endothelial Cell Growth Medium-2. hMSCs were cultured at 37 °C/5% CO 2 in Mesenchymal Stem Cell Growth Medium.
Cell Labeling
Cells were washed 3 times with DMEM and incubated in 5 μM CMFDA in DMEM at 37 °C/ 5% CO 2 for 25 min. Following incubation, the CMFDA solution was aspirated and fresh medium was added. Cells were allowed to recover fromthe treatment for at least 4 hr before experiments.
Cell Biotinylation
Cells at 80~90% confluency were washed with PBS 3 times and were then incubated in a Sulfo-NHS-LC-Biotin PBS solution for 20 min. The Sulfo-NHS-LC-Biotin concentration was 2 mM, unless otherwise specified. Following biotinylation, the cells were washed three times with DMEM high glucose media (without FBS). For probing with Alexa 488 Streptavidin, the cells were treated with 15 μg/ml Alexa 488 Streptavidin in optiMEM medium on ice for 30 min. Cells were washed and fixed with 4% formaldehyde in PBS for confocal imaging.
Attaching Nanoparticles on Biotinylated Cells
The nanoparticles (NeutrAvidin labeled 40 nm fluoSpheres) were centrifuged and washed three times with PBS, suspended in 1 ml DMEM medium and sonicated for 2 min to keep nanoparticles in a monodisperse state. The biotinylated cells were treated with 1.5×10 12 nanoparticles in one well of a 6-well plate for 25 min. Cells were then trypsinized for analysis or used in subsequent experiments.
Scanning Electron Microscopy
Cells coated with nanoparticles were seeded on top of a collagen I gel and were grown for 2 days. To prepare the collagen I gel, a high concentration rat tail collagen I solution was diluted with DMEM medium and neutralized with NaOH solution according to the vendor's protocol to make a final collagen I concentration of 1 mg/mL. The solution was coated on coverslips and incubated at 37 °C for 0.5 hr to form the gel. Cells were fixed in 2% formaldehyde and 2% glutaldehyde PBS solution at room temperature for 20 min. Samples were immersed serially in PBS, ddH 2 O, 20% ethanol, 40% ethanol, 60% ethanol, 80% ethanol and 100% ethanol for 2 min each followed by incubation in hexamethyldisilazane for 20 min. The samples were then allowed to dry in a biosafety hood for 4 hr prior to imaging. Samples were sputtercoated with a thin layer of gold using a Hummer @ 6.2 gold sputtering system(Anatech LTD). Scanning electron micrographs were taken using a JEOL JSM-5600LV at 10 kV acceleration voltage.
Measuring the Nanoparticle Size Distribution
Nanoparticles were suspended at a concentration of 1.5×10 12 /ml in DMEM and sonicated for 2 min and measured by ZetaPALS (Brookhaven Instruments Corporation). The concentration of particles in solution was the same as the concentration of particles used during attachment to cells. Particle volume counting was used to characterize the fraction of aggregated nanoparticles. Four samples were measured to obtain a statistical distribution. The result of one sample is shown in Figure S3 .
Testing the Response of hMSCs to Tumor Spheroids
The tumor spheroids were grown in a 96 well plate. The plate was initially coated with 1% agarose gel to prevent cell adhesion. 500 HUVECs, 500 MEFs and 600 Hep G2 were seeded in each well to form the spheroid. Cells were grown at 37 °C/5% CO 2 in DMEM high glucose media, supplemented with 10% fetal bovine serum and 100 IU/ml Penicilin-Streptomycin. Cells aggregated into a single spheroid in each well. After 5 days, spheroids were washed twice with DMEM buffer. Each spheroid and 400 hMSCs were resuspended in 200 μl of 1 mg/ml collagen I DMEM medium. The solution was then transferred to one well of a 48 well plate coated with 1% agarose gel. The plate was kept on ice for 3 min to allow cells to settle to the bottom so that most of the hMSCs would stay in one imaging focal layer. The plate was then incubated at 37 °C/5% CO 2 for 12 hr and then imaged.
Formation of HUVEC Tubular-like Structures on Matrigel
To prepare the Matrigel substrate, 80 μl of Matrigel solution was added to the center of a 35 mm coverslip-bottom dish followed by incubation at 37 °C for 20 min. 40,000 HUVECs in 2 ml of medium were then added to the dish. Cells were imaged with a fluorescence microscope (Zeiss Axiovert) after 4 hr of growth and with a laser scanning confocal microscope (Zeiss LSM 510) after 24 hr of growth.
Calculation of Statistical Significance
Statistical significance was determined by calculating P-values using the student's t-test (two tailed distribution and two sample unequal variance).
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Scanning electron microscopy images of nanoparticle clusters on a hMSC cell membrane. A hMSC grewfor two days on collagen I gel after nanoparticles were anchored. 
